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Abstract 
We have studied spin-orbit (SO) field in Ni80Fe20(Py)/W/Pt trilayer by means of spin-
torque ferromagnetic resonance, and demonstrated that the W/Pt interface generates an 
extra SO field acting on the Py layer. This unprecedented field originates from the 
following three processes, 1) spin accumulation at W/Pt interface via the Rashba-
Edelstein effect, 2) diffusive spin transport in the W layer, and 3) spin absorption into 
the Py layer through accumulation at the Py/W interface. Our result means that we can 
create extra SO field away from the ferromagnet/ metal interface and control its strength 
by a combination of two different metals.  
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Spin-orbit (SO) field or torque generated by spin Hall effect (SHE) [1] from SO materials 
can effectively perform magnetization switching of an adjacent ferromagnetic layer [2-5] 
based on a spin current density 𝐉𝐒
𝐢𝐧𝐭 acting on a ferromagnet (FM) interface shown in Eq. 
(1) [6,7].  
 
𝐉𝐒
𝐢𝐧𝐭 = Re𝐺↑↓(𝐦 × 𝛍 × 𝐦) + Im𝐺↑↓(𝐦 × 𝛍) (1) 
 
Here 𝐺↑↓  𝛍, 𝐦 are spin mixing conductance at the FM interface, the vector of spin 
accumulation, and the unit vector of magnetization in the FM layer, respectively. This 
accumulation 𝛍 is necessary for generating the SO torque on the magnetization 𝐦. The 
first and second terms in Eq. (1) correspond to damping-like (DL) and field-like (FL) 
torques, respectively. If the accumulation 𝛍  is modulated, we can manipulate the 
magnitude of the SO torques. 
Previously heavy metals such as Pt, Ta, and W with strong SO coupling have been 
intensively studied on various aspects, e.g. the SO induced switching, domain wall 
displacement [8], spin relaxation [9,10], and controllable SO torque [11,12] for 
fundamental physics and spintronics applications. Moreover it was found that surface 
states of topological insulators and Rashba states at interfaces can also generate SO 
torque or spin current via the Edelstein effect [13-20], resulting in effective 
magnetization switching because of their giant SO torque [21-23]. Thus, the magnitude 
of SO torque in various materials have been systematically investigated and unveiled. 
For further efficiency and functionality, novel SO materials are desired both in research 
and in practical applications.  
Recently, there have been several new approaches in synthesizing novel SO materials. 
One such approach is by using oxides such as CuOX [24,25], WOX [26], and PtOX [27,28]. 
Through the introduction of oxygen, there can be an enhancement of the torque 
compared to the pure metal, or the torque can be controlled via ionic-oxygen conduction 
by gating. Another approach is an SO heterojunction consisting of heavy metals (HMs), 
such as in sandwich structures [29] and bilayers [30]. Concerning sandwich structures 
(HM1/FM/HM2), the generated SO torque would be enhanced due to double spin 
accumulation at the top and bottom FM interfaces originating from the heavy metals, 
which have opposite signs of the spin Hall angle relative to each other, for example Pt 
and Ta [31,32]. This report suggests that we can design new SO materials by such 
combinations. In the case of bilayers, generated SO torque has succeeded in performing 
field-free switching in W/Pt/CoFeB/MgO structures [30]. Thus the challenges to 
synthesize SO materials play an important role for spintronics in the future. Based on 
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previous reports regarding the Edelstein effect [15,20,33], we have the possibility to 
generate extra SO field in the ferromagnet far from the HM interface with diffusive spin 
transport in the HM layer. In this study, we demonstrate the functionality of the W/Pt 
bilayer system, and focus especially on the interface. 
We prepared the multilayer films by means of DC and RF magnetron sputtering at room 
temperature with reference samples as follows: Ni80Fe20(Py, 5nm)/W(2nm)/AlOX (2nm), 
Py(5nm)/W(1-5nm)/Pt(1nm), Py(4-7nm)/W(2nm)/AlOX(2nm), Py(4-7nm)/Pt(1nm), 
Py(5nm)/Pt(1nm)/W(2nm)/Mg(1.5nm). Here AlOX and Mg which was naturally oxidized 
were employed as capping layers for the prevention of oxidation. According to X-ray 
diffraction measurements, all metallic films are polycrystalline. Next, devices for spin-
torque ferromagnetic resonance (ST-FMR) [34] were fabricated by conventional lift-off 
processes using e-beam lithography and Ar ion milling. For the ST-FMR measurement, 
we applied radio-frequency (RF) currents in the range of 3 to 14 dBm-power and 5 to 12 
GHz-frequency from a signal generator into the devices, and detected DC voltages via 
anisotropic magnetoresistance (AMR) rectification while applying a static field up to 290 
mT for FMR excitation in the ferromagnet. 
First of all, we demonstrate the generation of extra SO field in the Py layer via the 
Rashba-Edelstein effect at the W/Pt interface. A schematic image is shown for the 
stacking structure and the spin current generation in Fig. 1 (a). Figure 1 (b) shows the 
detected DL fields 𝐻DL  divided by the applied current density 𝐽C  in the case of 
Py(5nm)/W(2nm)/AlOX(2nm), Py(5nm)/Pt(1nm)/AlOX(2nm), and Py(5nm)/W(2nm)/ 
Pt(1nm) at 6 dBm and 8 GHz RF current based on the below Eq. (2) [25]. The raw 
amplitude of the detected signal 𝑉mix cannot be used for comparison due to different 
values of several parameters such as the applied RF current 𝐼rf, AMR amplitude Δ𝑅, 
and the half width at half maximum of the ST-FMR spectrum 𝜇0Δ𝐻 in each sample. 
 
𝜇0𝐻DL =
2𝑉S
𝐼rfΔ𝑅
2√2𝜋𝑓𝜇0Δ𝐻(2𝜇0𝐻R + 𝜇0𝑀eff)
𝛾(𝜇0𝐻R + 𝜇0𝑀eff)𝜇0𝐻R
 
(2) 
 
Here 𝛾, 𝑓, 𝜇0𝐻R, 𝜇0𝑀eff are gyromagnetic ratio for electron, applied frequency, resonance 
field and effective magnetization. The detected voltage can be described as 𝑉mix =
𝑉S𝐿(𝐻) + 𝑉AS𝜕𝐿(𝐻)/𝜕𝐻, with the Lorentzian 𝐿(𝐻) a function of field 𝐻, the amplitude of 
the Lorentzian 𝑉S, and the amplitude of the derivative Lorentzian 𝑉AS. As for the Py/W 
and the Py/Pt cases, the signs of the detected DL fields are in good agreement with 
previous reports [4,31] for both cases. In our case of 1nm-thick Pt, there is insufficient 
spin relaxation in the Pt layer according to the spin diffusion length of Pt: 𝜆sf
Pt ≈ 3.5 nm 
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[35,36], meaning the 𝑉mix  amplitude corresponds to a smaller spin Hall angle than 
would be measured in the case of a Pt layer thicker than 𝜆sf
Pt. So if there is only bulk 
contribution to the generation of the DL field, we should see a summation between W 
and Pt which includes a decay of the spin current in the W layer because of spin 
relaxation. Since the Pt component is negligible, then the DL field in the case of the 
Py/W/Pt trilayer should be approximately the same as the Py/W case. However, the 
amplitude for Py/W/Pt seems to be reduced. This implies that there is another 
contribution generating the extra SO field as shown in the red curve in Fig. 1 (b). This 
field should emerge from the W/Pt interface via the Rashba-Edelstein effect, because it 
is not possible to explain from the other contributions.  
To confirm the origin of the extra SO field arising from the Rashba-Edelstein effect at 
the W/Pt interface, we focus on another SO field, i.e. the FL field. We investigated the 
ST-FMR signal for the cases of Py(5nm)/W(2nm)/AlOX(2nm) and Py(5nm)/W(2nm)/ 
Pt(1nm) at 6 dBm and 8 GHz of RF current, and surprisingly detected almost symmetric 
voltages in both cases [See Supplemental Material]. To clarify these symmetric voltages, 
we investigated only Pt(2nm) or W(1nm)/AlOX(2nm) ,while varying the Py thickness, and 
extracted the DL and FL spin torque efficiencies, 𝜉DL  and 𝜉FL  respectively. The 
efficiencies were calculated to be 𝜉DL
Pt = 0.0244 , 𝜉FL
Pt = −0.0002 , 𝜉DL
W = −0.0427 , 𝜉FL
W =
0.0167 [See Supplemental Material]. Concerning the 1nm-thick Pt case, the positive 𝜉DL
Pt , 
which is related to the effective spin Hall angle, is in good agreement with a reported 
value [34] with a consideration for the spin relaxation in Pt as 𝜉DL = 𝜉DL
0 [1 −
sech(𝑡HM/𝜆sf
HM)] [37], because this Pt thickness is smaller than the spin diffusion length 
of Pt: 𝜆sf
Pt ≈ 3.5 nm [35,36]. Negligible 𝜉FL
Pt is also consistent with a previous report [34]. 
Concerning the 2nm-thick W case, the negative sign of 𝜉DL
W  is consistent and the 
amplitude is close to a reported value for 𝛼-W [4]. The finite 𝜉FL
W is in good agreement 
with the value for W/CoFeB system [38]. From this analysis, the almost symmetric 
voltage in the Py(5nm)/W(2nm)AlOX(2nm) case is attributed to the finite FL field which 
is comparable to Oersted field from the W layer, but with the opposite sign, because the 
anti-symmetric voltage 𝑉AS consists of a summation between the Oersted field and the 
FL field shown in below Eq. (4).  
Next, we have to consider why we observed almost symmetric voltages in the ST-FMR 
measurement of Py(5nm)/W(2nm)/Pt(1nm) as well. The amplitudes of the symmetric and 
anti-symmetric voltages are related to the SO fields including the DL, FL, and Oersted 
fields which are described in Eqs. (3) and (4) [39].  
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𝑉S ∝ 𝐻DL =
ℏ
2𝑒
𝜉DL𝐽C
𝜇0𝑀S𝑡FM
 
(3) 
 
𝑉AS ∝ (𝐻FL + 𝐻Oe)√1 +
𝜇0𝑀eff
𝜇0𝐻R
= (
ℏ
2𝑒
𝜉FL𝐽C
𝜇0𝑀S𝑡FM
+
𝐽C𝑡HM
2
) √1 +
𝜇0𝑀eff
𝜇0𝐻R
 
 
(4) 
 
Here 𝑒, ℏ, 𝐻DL, 𝐻FL, 𝐻Oe, and  𝐽C represent elementary charge, Dirac constant, the DL 
field, FL field, Oersted field, and charge current density, respectively. 𝑉AS  is almost 
negligible, meaning 𝐻FL  in the Py(5nm)/W(2nm)/Pt(1nm) system has a comparable 
amplitude and opposite sign as 𝐻Oe from the W and Pt layers. In other words, 𝐻FL
tot =
−(𝐻Oe
W + 𝐻Oe
Pt ). This compensation is not actually strange because we have already seen 
a similar kind of signal in Py(5nm)/W(2nm)/AlOX(2nm), where comparable FL and 
Oersted fields emerge at the Py/W interface, i.e. 𝐻FL
W = −𝐻Oe
W . If the Pt layer, instead of 
the AlOX layer, creates an additional Oersted field in the Py layer, then the almost 
symmetric voltage should be broken and an anti-symmetric voltage should appear. But, 
the detected voltage is still symmetric. As we pointed out before, this is due to the 
contribution of the W/Pt interface for generating an extra effective FL field, i.e. 𝐻FL
W/Pt
≈
−𝐻Oe
Pt . 
One possible doubt is that these results are coming from a spin pumping effect, which 
could explain the almost symmetric voltage in ST-FMR measurement. To rule this out, 
we also measured the in-plane field-angular dependence of the signals and RF power 
dependence [See Supplemental Material], and found sin 2𝜃𝐻 cos 𝜃𝐻 behavior which is 
attributed to the ST-FMR signal [40], and a linear power relationship for the voltage. 
This ensures that the ST-FMR measurements and analysis were performed precisely.  
Now we must consider how both the extra DL and FL fields can be created via the W/Pt 
interface. As stated previously, we propose that these results originate from the Rashba-
Edelstein effect which generates spin accumulation at the W/Pt interface. This 
phenomenon has already been demonstrated in several systems such as in the surface 
states of topological insulators [14,15] and Rashba interfaces [17-20,33,41-45] which 
have spin dispersion textures. This spin accumulation is in non-equilibrium with respect 
to away from the interface. Therefore, the spins propagate with decay along the out-of-
plane direction (through the W and Pt layers) diffusively. If the W thickness 𝑡W  is 
smaller or comparable to the spin diffusion length of W: 𝜆sf
W ≈ 1.1 nm [46,47], some 
portion of the accumulation can pass through the W layer, and finally reach at the Py/W 
interface. Then, the spin absorption and accumulation takes place, and the extra DL and 
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FL fields emerge into the Py layer, separate from the SHE contribution.  
Based on this assumption, we now focus on quantitative analysis to extract the 
anomalous SO fields. First of all, we calculated charge current densities and Oersted 
fields in and from each layer considering shunting effects and applied power of the RF 
current. The injected RF current into the devices depends on the strip impedance. So an 
applied 6 dBm power is actually reduced by following RF current power relationship 𝑃 =
(𝑉/(𝑅I + 𝑅S))
2
𝑅S . Where 𝑃, 𝑉, 𝑅I, and 𝑅S  represent actual injected power, voltage, 
internal impedance of the signal generator, and impedance of the sample strip, 
respectively. The Oersted field from each layer can be simply estimated by 𝐻Oe
HM =
𝐽C
HM𝑡HM/2, introduced from Gauss’s law in the case of an infinite conductive plane. The 
fields divided by the charge current densities are shown in Fig. 2 (a). We also estimated 
the conventional DL and FL fields from the bulk W and Pt layers by following Eq. (5) 
[39] with extracted 𝜉DL
HM and 𝜉FL
HM values based on the above argument as shown in Figs. 
2 (a) and (b).  
 
𝐻DL(FL) =
ℏ
2𝑒
𝐽C
HM
𝜇0𝑀S𝑡F
𝜉DL(FL) 
(5) 
 
In the case of the DL field from the W layer, we used 𝜉DL
W = 𝜉DL
W,0[1 − sech(𝑡W/𝜆sf
W)] as 
the spin diffusion model with 𝜆sf
W ≈ 1.1nm [46,47] for the estimation. Moreover, for the 
DL field from the Pt layer, it has to propagate into W layer with spin diffusion. Therefore, 
we assumed a simple exponential decay for the amplitude of the DL field in the form of 
𝐻DL
Pt = 𝐻DL
Pt,0 exp(−𝑡W/𝜆sf
W). Here 𝐻DL
Pt,0 stands for the DL field generated in the 1nm-thick 
Pt layer before spin diffusion into the W layer. With these parameters, we can estimate 
the extra field contributions coming from the W/Pt interface in the detected signal by 
subtraction. According to Eq. (4), there is a cancellation of the fields between the 
Py(5nm)/W(2nm) and Py(5nm)/W(2nm)/Pt(1nm) cases as described in Eq. (6). 
 
𝐻FL
W/Pt
exp(−𝑡W/𝜆sf
W) = −𝐻Oe
Pt  (6) 
 
Here, 𝐻FL
W/Pt
 means the FL field generated by the W/Pt interface and is related to the 
spin accumulation at the interface. By taking the value of the Oersted field from Pt layer, 
the normalized FL field 𝐻FL
W/Pt
 divided by the charge current density in the W layer is 
𝐻FL
W/Pt
exp(−𝑡W/𝜆sf
W) /𝐽C
W  = 0.034 mT/ 1011A m−2  for the 2nm-thick W case. Here, the 
reason why we chose 𝐽C
W as the charge current density for the calculation is that the W 
layer is dominant for the conduction close to the W/Pt interface. This value is comparable 
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to the conventional FL field generated at the Py/W interface which has the normalized 
FL field as 𝐻FL
W/𝐽C = 0.138 mT/ 10
11A m−2 in this study. We also estimated the DL field 
𝐻DL
W/Pt
 from the W/Pt interface by following Eq. (7) based on Eq. (2).  
 
𝜇0𝐻DL
W/Pt
exp(−𝑡W/𝜆sf
W) =
2𝑉S
𝐼rfΔ𝑅
2√2𝜋𝑓𝜇0Δ𝐻(2𝜇0𝐻R + 𝜇0𝑀eff)
𝛾(𝜇0𝐻R + 𝜇0𝑀eff)𝜇0𝐻R
− 𝜇0𝐻DL
W − 𝜇0𝐻DL
Pt exp(−𝑡W/𝜆sf
W) 
(7) 
 
We now know the amplitudes of the DL fields from both W and Pt according to the above 
calculation. Therefore, it is possible to estimate the extra contribution from the W/Pt 
interface as shown in Fig. 2 (b). Here, we also assume simple exponential decay, as we 
did with the DL field from the Pt layer, and dominant conduction in the W layer for the 
field normalization by the charge current density. Surprisingly, we found that the 
amplitude of the DL field seen in Fig. 2 (b) is not negligible, but is comparable to the 
conventional DL field from the W layer in the case of thinner W thicknesses such as 1 
nm. This means that we can create extra SO fields in the FM layer away from the HM 
interface. Here Fig. 2 (c) shows a ratio of the effective fields derived from the 𝑉S/𝑉AS raw 
data by using Eq. (8) [27] for comparison with the ratio calculated by a summation of 
extracted SO fields from the above assumptions.  
 
𝐻Oe + 𝐻FL
𝐻DL
=
𝑉AS
𝑉S
(1 +
𝜇0𝑀eff
𝜇0𝐻R
)
−1/2
 
(8) 
 
In spite of the presence of multiple SO field parameters, the ratio roughly follows the 
same behavior with respect to W thickness as the ratio from 𝑉S/𝑉AS, implying that our 
calculation is a nearly correct estimation. 
Finally, we focus on an inverse stacking for W and Pt, by changing from Py/W/Pt to 
Py/Pt/W. If the assumption in which the Rashba effect at W/Pt interface contributes to 
the extra SO fields is true, we should see a difference in the 𝑉mix signal because the 
inverse stacking structure changes the direction of the effective electric field, and thus a 
different direction of the spin-polarization is also caused via the Rashba effect as shown 
in Fig. 3 (a). We would expect to see the opposite sign of the additional FL field in the 
case of Py/Pt/W as compared to Py/W/Pt. Thus we also performed the measurement for 
Py/Pt/W in the same thickness conditions, and we show the experimental results for both 
cases in Fig. 3 (b). As can be seen, the signal for the inverse stacking has an anti-
symmetric voltage, implying that there was a large change of the SO fields from the 
previous stacking case of Py/W/Pt. For a detailed calculation of the FL field 𝐻FL
Pt/W
 from 
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the Pt/W interface in the case of a Py/Pt/W trilayer system, we employed the following 
Eq. (9) based on reference [25].  
 
𝜇0𝐻FL
Pt/W
exp(−𝑡Pt/𝜆sf
Pt) =
2𝑉AS
𝐼rfΔ𝑅
√2𝜇0𝛥𝐻(2𝜇0𝐻R + 𝜇0𝑀eff)
𝜇0𝐻R + 𝜇0𝑀eff
− 𝜇0𝐻Oe
Pt − 𝜇0𝐻Oe
W  
(9) 
 
 As mentioned, we already know the amplitudes of the Oersted fields from the W and Pt 
layers. So, we can estimate the amplitude of 𝐻FL
Pt/W
 with subtraction, where we note that 
𝐻FL
Pt is negligible based on the estimated quite small 𝜉FL
Pt. The value of 𝐻FL
Pt/W
divided by 
charge current density in the W layer is calculated to be −0.0267 (mT/1011 A/m2) for 
the 2nm-thick W case. To estimate the field at the Pt/W interface, we have to consider 
exponential decay in the Pt layer, which has 3.5 nm-spin diffusion length [35,36], in the 
same way as the above discussion. This amplitude was estimated to be −0.0356 (mT/
1011 A/m2). Taking into account the decay in the W layer, which has 1.1 nm spin diffusion 
length [46,47], in the case of Py/W/Pt the amplitude of 𝐻FL
W/Pt
/𝐽C
W  is 0.3170 (mT/
1011 A/m2).  
We succeeded in finding the opposite sign of the extra FL field between Py/W/Pt and 
Py/Pt/W systems due to the sign change of the Rashba parameter through the inverse 
stacking. However, the value for the Py/Pt/W case was 10 times smaller than that for the 
Py/W/Pt case. The reason for this is related to the FL torque efficiency at the Py/HM 
interface. W and Pt have finite and negligible values of the 𝜉FL
HM , respectively. This 
implies that there is a difference in the ability to accumulate spins at the interface 
between both cases. The Py/Pt interface cannot perform spin accumulation as effectively 
as Py/W. Thus, we do not see the same amplitude of the additional FL field. These 
experimental results ensure that this anomalous behavior is coming from the Rashba-
Edelstein effect at the W/Pt interface and the diffusive spin transport process in the HM 
layers.  
The recent field-free switching demonstrated in a Pt/W/CoFeB/MgO system [30] also 
has a W/Pt bilayer like this study. As we unveiled, this interface has the Rashba effect 
which can generate spin accumulation at the interface and additional SO fields on the 
FM layer remotely. So, it is plausible that these additional fields may assist in the 
switching.  
 In conclusion, we studied the Py/W/Pt trilayer system by means of ST-FMR with 
comparison to several reference samples carefully, and demonstrated the generation of 
extra SO fields via the Rashba-Edelstein effect at the W/Pt interface. This study 
concludes that we can create additional SO fields in the FM layer and control the 
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amplitudes by a combination of HM layers which include an interface far from the FM 
layer remotely, and pave the way for more efficient and functional spintronic devices.  
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Fig. 1 (a) Schematic image showing each spin current 𝐽S generation via the 
spin Hall effect from the W and Pt layers and the Rashba-Edelstein effect 
from the W/Pt interface. During FMR, a field is applied at the angle 𝜃𝐻 to the 
strip, and the magnetization of the Py layer feels the spin-orbit torque. (b) The 
generated damping-like field divided by charge current density 𝐽C for 
Py(5nm)/W(2nm) (green triangles), Py(5nm)/Pt(1nm) (blue diamonds), and 
Py(5nm)/W(2nm)/Pt(1nm) (black circles). Red squares correspond to the extra 
component of the DL field.  
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Fig. 2 (a) Estimated Oersted and FL fields divided by charge current density 𝐽C 
as a function of the W thickness in the cases of Py(5nm)/W(1-5nm)/AlOX(2nm), 
Py(5nm)/Pt(1nm), Py(5nm)/W(1-5nm)/Pt(1nm) with spin diffusion in W layer 
cases. (b) Estimated DL field divided by charge current density 𝐽C as a function 
of the W thickness in the cases of Py(5nm)/Pt(1nm), Py(5nm)/W(1-5nm)/Pt(1nm) 
interface with spin diffusion in the W layer, and Py(5nm)/W(1-5nm)/AlOX(2nm). 
(c) Comparison of field ratio (𝐻FL + 𝐻Oe)/𝐻DL as a function of W thickness for 
estimation from raw 𝑉S/𝑉AS data and from 𝐻SO field summation. 
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Fig. 3 (a) Cross sectional views of the structures with effective electric field 𝐸 at 
the HMs interface and expected Rashba spin polarization in cases of the normal 
stacking (Py/W/Pt) and the inverse stacking (Py/Pt/W). (b) Detected voltages in 
an ST-FMR measurement for Py(5nm)/W(2nm)/Pt(1nm) and Py(5nm)/Pt(1nm)/ 
W(2nm). 
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1. The detected signals in Py/W/Pt and Py/W/AlOX systems, and spin-torque efficiencies 
in Py/Pt and Py/W/AlOX systems 
We show the detected ST-FMR signal for the cases of Py(5nm)/W(2nm)/AlOX(2nm) and 
Py(5nm)/W(2nm)/Pt(1nm) at 6 dBm and 8 GHz of RF current in Fig. S1 (a). Surprisingly, 
we detected almost symmetric voltages in both cases. As we mentioned in the main text, 
the ST-FMR signal 𝑉mix  should basically consist of symmetric and anti-symmetric 
voltage components. To clarify the symmetric voltages, we investigated only Pt(2nm) or 
W(1nm)/AlOX(2nm) , while varying the Py thickness and extracted 𝜉DL and 𝜉FL based 
on Eq. (S1) [S1].  
 
Fig. S1 (a) Detected voltages in ST-FMR measurement for Py(5nm)/W(2nm)/ 
AlOX(2nm) (blue open circles) and Py(5nm)/W(2nm)/Pt(1nm) (red open circles) with 
fitted curves. (b) The inverse of the spin-torque efficiencies as a function of the 
inverse of the Py thickness for Pt(1nm) (green squares) and W(2nm)/AlOX(2nm) 
(blue closed circles) cases, respectively. 
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1
𝜉ST
=
1
𝜉DL
(1 +
ℏ
𝑒
𝜉FL
𝜇0𝑀S𝑡HM
1
𝑡FM
) (S1) 
 
Here 𝜉ST, 𝜉DL, 𝜉FL, ℏ, 𝑒, 𝜇0𝑀S, 𝑡FM, and  𝑡HM  are the spin-torque efficiency (effective spin 
Hall angle), DL torque efficiency, FL torque efficiency, Dirac constant, elementary charge, 
saturation magnetization, FM thickness, and HM thickness, respectively. The inverse of 
the spin-torque efficiencies as a function of the inverse of the Py thickness for each case 
is shown in Fig. S1 (b). The efficiencies  𝜉DL
Pt = 0.0244, 𝜉FL
Py/Pt
= −0.0002, 𝜉DL
W = −0.0427, 
𝜉FL
Py/W
= 0.0167 are extracted with a reported value of  𝜇0𝑀S = 1 T for Py [S2]. Based on 
these results, our argument is presented in the main text. 
 
2. Field-angular and RF power dependence of the detected signals 
As for the detected symmetric voltages in Fig. S1 (a), one source of doubt is that these 
results could be coming from a spin pumping effect due to the almost symmetric voltage 
in the ST-FMR measurement. To test this, we also measured the in-plane field-angular 
dependence of the signals as shown in Fig. S2 (a). If this result is from spin pumping, we 
should see a sin 𝜃𝐻  dependence [S3]. However, the symmetric voltage 𝑉S  follows a 
sin 2𝜃𝐻 cos 𝜃𝐻 behavior which is attributed to the ST-FMR signal [S4], while the anti-
symmetric voltage 𝑉AS  is negligible on the dependence. For further detail, we also 
measured RF current power dependence of the signals as shown in Fig. S2 (b). The 
detected signals at 6 dBm (3.98 mW) is still within the linear regime of the power. This 
ensures that the analysis of the ST-FMR measurements was performed precisely.  
 
Fig. S2 (a) Field-angular dependence of the symmetric (red open circles) and anti-
symmetric (blue open circles) voltages, and (b) RF power dependence of both of the 
voltages as a function of the applied field in case of Py(5nm)/W(2nm)/Pt(1nm). 
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